Patients with unexplainable giant T-wave inversion in the precordial leads and apical wall thickness ,15 mm have been reported. These patients cannot be diagnosed as apical hypertrophic cardiomyopathy (AHCM) according to the current criteria. The objective of this study was to evaluate the apical morphological features of this type of patients using cardiac magnetic resonance.
Introduction
Apical hypertrophic cardiomyopathy (AHCM) is a special form of non-obstructive hypertrophic cardiomyopathy (HCM), in which the hypertrophy of myocardium predominantly involves the apex of the left ventricle. Generally, patients with AHCM show obvious negative T waves on precordial leads on electrocardiogram (ECG). 1 However, clinically some patients present dramatic T-wave inversion with † M.L. and S.Z. contributed equally to this work and are co-corresponding authors.
the apical thickness less than the diagnostic criteria of AHCM. 2 In order to get a moderate diagnosis, these subjects may undergo lengthy investigation with implications for lifestyle modifications and increase the healthcare expenses. We wonder they may share their fate with patients who have overt AHCM. Further study of these patients is needed for a proper diagnosis and treatment.
In conventional diagnostic criteria published by the American Heart Association (AHA)/American College of Cardiology Foundation (ACCF) in 2011, or the European Society of Cardiology (ESC) in 2014, 3, 4 the left ventricular wall thickness of ≥15 mm is the unified diagnostic criteria for HCM. These guidelines, however, did not give additional regulations or instructions for the diagnosis of AHCM. It is suspected that these criteria may be too strict for AHCM, as the normal left ventricular wall thins towards the apex and the normal values are lower naturally in the apical vs. the basal segments. 2,5 -7 Comparing with echocardiography, the superior spatial and temporal resolution of cardiac magnetic resonance (CMR) makes it more sensitive to diagnose AHCM at an earlier stage, much earlier than the appearance of 'ace-of-spades' configuration. 8 In a previous study, only 60% of patients with apical segmental hypertrophy that was confirmed by CMR were diagnosed by echocardiography. 9 Echocardiography has its technical limitations for assessing apex due to the limited regional spatial resolution. 10 Additionally, CMR can offer prognostic features, such as apical scar and apical aneurysms. We thus sought to study the CMR morphological characteristics of subjects with unexplainable precordial deep T-wave inversion on ECG and with apical thickness ,15 mm. The conduction of this study was largely due to the increased clinical requirement, which reflected the increased awareness among physicians of missed AHCM.
Methods

Study population
Sixty subjects were prospectively enrolled from January 2011 to June 2014. The inclusion criteria were as follows: (1) standard 12-lead electrocardiography showing deep T-wave inversion, most prominent in the anterolateral leads (V3 -V5 leads) with the negative T-wave voltage of ≥5 mm; (2) without evidence of coronary artery disease or diameter stenosis ≥50% in one or more coronary vessels; and (3) asymmetrical LV hypertrophy confined to the LV apex below the papillary muscle level, and end-diastolic apical wall thickness ,15 mm with the apical to basal posterior wall thickness ratio ,1.5. Subjects were routinely excluded if they had one of the followings: (1) subjects who were not in sinus rhythm; (2) patients with T-wave inversion in ≤2 contiguous leads, concomitant bundle branch block or QRS .80 ms or QTC .440 ms; (3) blood pressure ≥140/90 mmHg; (4) severe valvular lesion, pericardial disease, cardiac tumour, immunological, or metabolic disease involving heart; and (5) history of cardiac surgery. Seventy-six normal volunteers with normal ECG and echocardiography were recruited. None of them had history of heart disease or on regular medication.
The study protocol was approved by the institutional review board of our hospital, and written informed consent was obtained from all participants before enrolment. This study was conducted in accordance with the Declaration of Helsinki.
CMR scanning protocols
All examinations were performed on a 1.5-T scanner (Avanto, Siemens Medical Systems) with a master gradient system (45 mT/m peak gradient amplitude, 200 m/T/s slew rate), an eight-element array body surface coil and six-element spine coil. A three-lead vector cardiogram was used for ECG gating. A complete LV short-axis stack cines, one fourand two-chamber views of LV long-axis cines were acquired using retrospective ECG gating true fast imaging with steady precession ( CMR image analysis MRI images were transferred to a commercial offline workstation for further analysis. The software used for post-processing was Argusw provided by the Siemens Company. LV wall thickness was manually measured in 1 -16 segments in the end-diastolic phase, excluding the true apex (17th segment). The basal slice measured was 1.5 cm distance from the atrioventricular junctions, at the level of the mitral chordae, whereas mid-cavity measurements were made using short-axis images at the level of the papillary muscles. Finally, because of the spherical surface at apex, apical wall thickness was measured 2 cm distance from the true apex on two-and 4-chamber long-axis views. Three measurements were performed at the thickest region of each segment. The average value of the three measurements was recorded as the thickness of the segment (Figure 1) . Figure 1 shows the method of how the apical angle (apA) was measured. Briefly, in order to ensure the maximal measurement stability, two 10-mm-long lines were drawn out from the apex vertex and ended at bilateral endocardium on four-chamber views. The formed angle was defined as apA. Left atrial and left ventricular dimensions were measured as described previously. 13 Briefly, the maximal anteroposterior diameter of left atrium was obtained on the pure axial images, and on end-diastolic short-axis cine images the transverse diameter of left ventricle was measured perpendicular to the line of the two papillary muscles. LV ejective fraction (LVEF), left ventricle end-diastolic volume indexed to body surface area (LVEDVI), left ventricle end-systole volume indexed to body surface area (LVESVI), and cardiac index (CI) were obtained by Argus. Hyperenhanced myocardium was defined as an image intensity level of .2 SD above the mean of image intensities in a remote basal segment in the same image. The location of hyperenhanced myocardium was analysed in a 17-segment model based on short-axis views. The number of positive segments was calculated and used for further analysis. All CMR images were analysed by two experienced radiologists, who were blinded to the echocardiographic, ECG, or clinical data. Interand intraobserver variability were tested in a subgroup of 40 subjects (20 subjects with T-wave inversion and 20 healthy volunteers).
Statistical analysis
Category variables were presented as numbers (proportion); differences between groups were analysed by Fisher's exact test or x 2 test. Continuous variables with normal distribution were expressed as mean + standard deviation; differences between groups were analysed by independent samples t-test, and the Mann-Whitney U test was used to analyse nonnormally distributed variables. Two-tailed one-way ANOVA was used to analyse the difference of LV thickness of three parts, the least significant difference (LSD) (homoscedasticity) or the Tamhane (heteroscedasticity) method was used for further analysis. Data were analysed using SPSS software version 20.0 (SPSS, Inc., Chicago, IL). Two-tailed P-values of ,0.05 were regarded as statistically significant.
Results
Clinical characteristics
All 60 subjects showed precordial deep T-wave inversion on ECG, with the maximal negative T-wave amplitude ≥5 mm. Eleven subjects presented mild coronary artery disease (luminal stenosis , 50%). 99 Tcm myocardial perfusion was available in 18 subjects,
showing no reversible/irreversible perfusion defects. No evidence of ischaemic cardiomyopathy was found in other patients. Echocardiography records of all subjects were collected; among them, only 11 (18%) and 7 (12%) subjects were confirmed and suspected AHCM, respectively. About 41 (68.3%) patients presented mild symptoms, including dyspnoea, palpitations, or atypical chest pain. All patients were in New York Heart Association (NYHA) functional class I, and no syncope or atrial fibrillation was found. The clinical Figure 1 The morphological characteristics of normals on CMR. As shown in this figure, considerable variation in LV wall thickness was observed with progressive thinning from the base to apex. (A-C) Location of basal and middle LV slices for measurement. Apical segments were measured on two-and four-chamber views (D and E). Three measurements were taken at the thickest region of each segment (C and D), and then the average was collected. Two 1-cm-long lines were drawn out from the apex vertex to bilateral endocardium, and the angle formed was apA (E).
. and demographic characteristics of the two groups were illustrated in Table 1 .
Reproducibility studies
Inter-and intraobserver variability were tested in a subgroup of 20 subjects and 20 normals selected randomly from the cohort.
Images from these subjects were analysed by two experienced radiologists, and repeatedly measured 1 month later. Measurements of LV segments and apA displayed excellent intra-and interobserver reproducibility, with no fixed or proportional biases. This was true at all levels of the ventricle (base, mid-cavity, and apex). The intraclass correlation coefficient (ICC) values of thickness were 0.95 -0.99 with a mean difference of 0.03 -0.19 mm ( Table 2 ). The ICC values of apA were all 0.94 for intra-and interobserver measurements with a mean difference of 1.26 and 1.008 ( Table 2) .
CMR morphological characteristics of normals
Significant variations in LV wall thickness across the 16 segments were found (Figures 1 and 2 ; Table 3 ). Firstly, at the basal and midcavity levels, the thickness of septum was greater than that of free wall (basal, 7. 
CMR morphological characteristics of subjects with precordial deep T-wave inversion on ECG
Cine images of LV two-and four-chamber views can provide accurate information of apex. Diffuse or asymmetric hypertrophy of 13 -16 segments was seen clearly on subjects with deep T-wave inversion. The appearance of 'ace-of-spades' configuration was not found in all subjects. Mean apA was 87.89 + 13.268, which was significantly decreased compared with those of controls (113.51 + 11.308, P , 0.01) (Figures 1, 3 , 5, and 6). LVEF of subjects with deep T-wave inversion significantly increased, while LVESVI decreased compared with controls, just like we noticed on typical mild HCM of other subtypes. The left atria diameters of patients were 30.53 + 4.88 mm (male) and 32.63 + 4.50 mm (female), which had no significant difference as controls (29.03 + 4.97 mm male and 31.05 + 5.37 mm female). No late gadolinium enhancement was found in this cohort. Data were shown in Table 4 .
In subjects with deep T-wave inversion, LV thickness was found to have a reverse trend of the normal reduction in thickness from the base to apex, and the apical thickness was thicker than the midcavity wall (mid-cavity, 7.03 + 1.21 mm; apical, 7.98 + 1.66 mm; P , 0.01) (Figures 3 -6) . The difference of apical thickness between subjects and controls was significant (7.98 + 1.66 vs. 3.79 + 1.16 mm, P , 0.01) ( Table 3 ). The ratio of Segment 15 to Segment 4 was 1.22 + 0.25, which was significantly higher than that of normals (0.65 + 0.21).
Discussion
This study describes a special group of patients who cannot be captured by the existing disease classifications but have a collection of characteristics suggestive of disease akin to AHCM. We evaluated the CMR morphological features of healthy volunteers and subjects with unexplainable precordial deep T-wave inversion on ECG and apical thickness below the diagnostic standard of 15 mm. In healthy volunteers, a considerable variation in LV wall thickness was observed with progressive thinning from the base to apex. Subjects with precordial deep T-wave inversion, however, lose this trend and importantly at the same time have significantly decreased apA. These results are likely to significantly improve the understanding of these subjects and influence the diagnosis of AHCM at early stage. Figure 5 The CMR images of a patient with precordial deep T-wave inversion. Data are of a 49-year-old female patient. As shown in twochamber (A), four-chamber (B), and outflow tract views (C ), apical wall thickness was thicker than the middle parts, and the left ventricular wall lost the trend of progressive thinning from the base to apex. The thickening of apical parts caused significant decrease in apA (C). The morphological changes mentioned above cannot be revealed on short views (D). (E) ECG showed diffuse T-wave inversion on the anterolateral leads.
All subjects included in this study had unexplainable obvious T-wave inversion in the anterolateral leads (V3 -V5 leads). The presence of deep T-wave inversion on ECG precordial leads is regarded as a sensitive marker of AHCM. The sensitivity is high, but the specificity is relatively unsatisfactory.
14 Traditionally, based on the guidelines recommended by AHA/ACCF, or ESC, AHCM was diagnosed in subjects with apical wall thickness ≥15 mm at the enddiastolic phases. 3, 4 Other studies suggested that apical wall thickness ≥12 mm but less than 15 mm, or the ratio of apical maximal thickness to basal posterior wall ≥1.3, represents early stage of AHCM. 8, 15, 16 In this study, the maximal apical thickness of patients was observed in Segment 15 (8.70 + 2.14 mm), and the ratio of Segment 15 to Segment 4 was 1.22 + 0.25, which were all significantly lower than the standards mentioned above. It was noteworthy that the apical morphological characteristics changed significantly compared with controls on CMR. Firstly, LV thickness lost the trend of gradual decrease in thickness from the base to apex, and the apical thickness was thicker than the middle parts. Secondly, diffuse or asymmetric hypertrophy of 13-16 segments was seen definitely on these subjects. The difference of apical thickness was significant between the two groups of subjects. Thirdly and most importantly, we demonstrated that apA decreased significantly in these subjects as compared with controls. In line with previous studies, considerable variation was observed across the LV wall thickness with progressive thinning from the base to apex in normals, as well as great difference between the free walls and septum. 5 -7 This trend was explained by Flett 2 recently using Laplace's law, as the radius of the ventricle gets smaller towards the apex, as does the wall stress-the natural tendency is for wall thickness. Thus, a universal cut-off is unlikely to be appropriate to evaluate all segments of the myocardium. Based on the guidelines published by AHA/ACCF on 2011 or ESC on 2014, 3, 4 LV wall thickness ≥15 mm is the diagnostic criterion of all kinds of HCM. Thus for the special setting of apex, there are no special criteria for hypertrophy. The key point is whether the individuals in this cohort are potential or mild AHCM or just extreme of normality. It was suggested that even the early apical hypertrophy without spade configuration presented giant negative T waves. 8, 17 If the influences of blood pressure, severe valvular lesion, immunological or metabolic diseases were all ruled out as we did in this study, it was likely that the morphological changes of LV apex were the only reason to explain the giant T-wave inversion. A preclinical state of AHCM or a benign new variant may be an appropriate diagnosis for this special subset.
In particular, we demonstrated that the decrease in apA provided further insight to evaluate earlier apical morphological changes. In subjects with deep T-wave inversion, the apA decreased significantly compared with controls with no 'ace-of-spades' configuration. Only circumferential hypertrophied myocardium at apical level can form spade-like configuration, 8, 18 but apA may change significantly even if Figure 6 The CMR images of another patient with precordial deep T-wave inversion. Data of a 33-year-old male patient. As shown in twochamber (A), four-chamber (B), and outflow tract views (C ), apical wall thickness was thicker than the middle parts, and the left ventricular wall lost the trend of progressive thinning from the base to apex. The thickening of apical parts caused significant decrease in apA (C). The morphological changes mentioned above cannot be revealed on short views (D). (E) ECG showed diffuse T-wave inversion on the anterolateral leads.
hypertrophy is confined to a small region. Therefore, we propose that apA changes much earlier than the typical appearance of 'ace-of-spades' sign.
Limitations
This preliminary dataset is not comprehensive. Genetic testing was not examined routinely in this study. However, HCM-related gene variants and the clinical outcome have been proved inconsistent due to heterogeneity of genotype and phenotype. 19, 20 For this reason, genetic testing is only recommended for the screening of relatives. 4 The diagnosis of HCM is clinical and relies on non-invasive testing in the first instance. We believe that lacking of genetic testing may not affect the main conclusions of this study. Another drawback is the lack of follow-up to assess the evolution of ECG and apical structural changes over time and new CMR techniques, such as extracellular volume fraction measurement or featuring tracking, should be used for further research.
11,21
Conclusions
The apical morphological features of subjects with unexplainable giant T-wave inversion and apical thickness ,15 mm are significantly different from healthy subjects. We may propose that it is the apA or the thickness that determines the genesis of precordial T-wave inversion. Therefore, these subjects may be included into a preclinical scope of AHCM or represents a benign new variant.
We suggest that the current HCM diagnostic criteria are too strict and should be modified. Similar opinion was mentioned recently by Flett et al. 6 But all these are only a beginning about this question.
Further multi-centric and multi-modality work is required to define this entity and its prognostic significance.
